Abstract-A multiple-band 5G end-fire antenna array is proposed to be placed on the upper and bottom edges of mobile terminals. The antenna element consists of two bow-tie radiators designed to resonate at 28 and 60 GHz. A sixteen-element beamsteerable array is presented in this paper, with overall dimensions of 40.13×1.44×0.25 mm 3 . Only the odd elements are active in the 28-GHz band and the optimal termination of the parasitic elements is studied. The simulated results show a good match to a 50-ohm feeding line and end-fire radiation at the targeted frequency bands.
I. INTRODUCTION
The exponential growth of capacity demand and data rates in mobile communications can only be achieved by relocating the operating bands to higher frequencies. The bands around 28 GHz and 60 GHz are candidates for the upcoming fifth generation (5G). To compensate the higher propagation losses when the frequency increases, high gain antennas are required. For this reason, arrays are embedded in phone terminals to overcome the reception of low signal levels [1] .
Several multi-band antennas have been proposed in the millimeter-wave (mm-wave) frequencies. In [2] , a star-shaped patch antenna array is designed for UAV applications. The operating bands are 29 − 30 GHz and 57 − 66 GHz, and the dimensions of the unit cell are 9.5 × 9.5 mm 2 . A dual-band (28 and 38 GHz) circularly polarized slotted patch antenna is studied in [3] . The size of the element is 6.8 × 6.8 mm 2 . In [4] , a dual-polarized capped bow-tie antenna is proposed to perform as a dual-band, dual-polarized array antenna at 23 GHz and at 70 − 85 GHz. The overall dimensions of the element are 1.89×1.89×1.46 mm 3 . Nevertheless, the antennas presented in the aforementioned papers are not designed to cover the frequencies of 28 and 60 GHz.
Moreover, the total volume of these antennas is too big to be embedded in a mobile terminal. Bow-tie-shaped elements are attractive candidates for applications where the size is a constraint since they can be seen as the combination of two triangular patches instead of the traditional rectangular-shaped one. Besides, the bow-tie geometry also reduces the length of the conventional monopole antennas [5] .
Linear arrays have been widely studied in the bibliography. In order to avoid grating lobes in a uniform linear array with end-fire radiation, the spacing between elements should be less than λ/2 [6] . For a wide-band or multi-band mm-wave array, the spacing should be fixed by the highest operating frequency. When the array works at the low mm-wave frequencies, the inter-element distance becomes electrically smaller. This leads to strong mutual coupling between elements and the reduction of radiation efficiency. In this case, it is better to only activate the even or odd number of elements in the whole linear array. The port termination of the non-activated elements has to be carefully investigated.
In this manuscript, the design of a low-profile double bowtie array for 5G-enabled mobile terminals is carried out. Antenna candidates for handsets are required to be fitted in small areas, and the proposed antenna only occupies a clearance of 1.44 mm. At 28 GHz, when only the even antenna elements are excited, a study of the effect of the port termination in terms of impedance matching, scanning properties, and radiation efficiency is presented. The scanning behaviour of the array when all the elements are active is shown at 60 GHz and at the parasitic resonance frequencies.
II. ANTENNA GEOMETRY AND ANALYSIS

A. Antenna Description
The configuration of the unit element of the array is shown in Fig. 1 . The antenna consists of two antipodal bow-tie-shaped geometries designed to operate at 28 and 60 GHz, fed by a microstrip line. The substrate presents a dielectric constant of ǫ r = 16 and a thickness of 0.25 mm. The geometry has overall dimensions of 2.63 × 1.44 × 0.25 mm 3 . The design parameters of the optimised antenna are given in Table I . The chosen opening angle of both bow-tie geometries is 22
• . 
B. Results
In order to model the boundary conditions, the antenna has been simulated with two parasitic antennas, one on the left and The θ = 90
• cut of the radiation pattern of the antenna at the two designed frequency bands is illustrated in Fig. 3 . The orientation of the coordinate system is shown in Fig. 1 , and only the central element is excited. The double bow-tie shows good end-fire radiation at the two bands. The gain of the antenna at boresight is 3.5 and 4.6 dBi for 28 and 60 GHz, respectively.
The radiation pattern at the parasitic resonance frequencies of 38 GHz and 48 GHz is shown in Fig. 4 . As further detailed in Section III-B, at 38 GHz the radiation pattern is not end-fire anymore. The directivity at these two frequencies is 5.5 and 4.2 dBi. III. ANTENNA ARRAY Sixteen elements have been placed to form the array at the edge of a mobile terminal PCB (Fig. 5) . The total length of the array is 40.13 mm. In order to avoid the appearance of grating lobes, the spacing between elements has been chosen to be λ0 2 at 60 GHz, that corresponds to a length of 2.5 mm. Since the unit cell length is 2.63 mm, the adjacent elements are superimposed. When the antenna operates at the 60 GHz band, all the elements are active. Nevertheless, at 28 GHz, half-wavelength corresponds to 5.35 mm. Therefore, only the odd elements are set on. A switch is placed on the even elements of the array to disconnect these antennas at the lower band.
The following subsections detail the behaviour of the antenna array at the different bands.
A. 28 GHz Performance
It is necessary to evaluate how the antennas connected to the switch should be ended. In order to analyse which termination is better, the elements have been grounded, left opened and loaded with 50 Ω and 10 kΩ.
A comparison of the reflection coefficient of the odd elements for each termination of the even antennas is illustrated in Fig. 6 . It can be seen that all the ports are matched below −10 dB at 28 GHz for the four choices. Since there is no major difference in the reflection coefficient, a comparison of the realized gain of four terminations is shown in Fig. 7 to determine which solution is better. The realized gain definition includes the mismatch loss. The phaseshifts employed to steer the beam are 0
• , 45
• , 90
• , 120
• and 180
• . The radiation pattern of the grounded and loaded with 50 Ω solutions is flatter for the different scanning angles. In Fig. 7b and Fig. 7d , the realized gain drops at end-fire angles because of the low radiation efficiency.
The total efficiency of an antenna is defined as the ratio of radiated power to stimulated power, which contemplates the reflections at the feeding location. The representation of Fig. 8 is known in statistics as a boxplot. It is a way of depicting the distribution of groups of data through their quartiles. The red horizontal line represents the median value of the distribution (Q 2 ). The lines extending from the boxes (whiskers) represent the minimum and maximum values of the population. The figure shows that the median value of total efficiency when the non-active antennas are grounded is higher than in the rest options, and the dispersion of the mismatch for the different scanning angles is not as big as in the second and fourth terminations. Therefore, the best performance is obtained when the non-driven elements are grounded. 
B. Parasitic Resonances Performance
As previously discussed, it is necessary that the spacing between elements is shorter than λ/2 to have end-fire radiation without side lobes. At 38 GHz the maximum spacing corresponds to 3.9 mm, and 3.1 mm at 48 GHz. For this reason, all the elements of the array need to be activated in both scenarios. Fig. 9 plots the radiation pattern of the array for different scanning angles. The realized gain starts to decrease as the scanning angle gets away from φ = 90
• , since the level of the side lobes increases. As it was expected from Fig. 4 , the scanning performance at 38 GHz does not have good end-fire radiation. 
C. 60 GHz Performance
At 60 GHz all the elements of the array are active. The high directivity that sixteen elements can reach makes the beam narrow. This allows having more resolution in the scanning and being able to point the beam to a more precise direction. The beam steering for different scanning angles at 60 GHz is represented in Fig. 10 . The array is able to scan from end-fire to ±90
• . It can be seen in the plot that the realized gain drops from 15 dB to 10 dB for angles of φ ≤ 70
• . This behaviour is due to the appearance of side lobes, as illustrated in Fig. 11 . 
IV. CONCLUSION
This manuscript proposes a new multi-band bow-tie shaped antenna array for the mm-wave band. Eight elements out of the 16 available are employed in the lowest band to ensure that the coupling between elements is under −10 dB. Simulations show that the best performance is obtained when the nonactive elements are grounded.
The array presents good beam-steering characteristics with end-fire radiation at both bands. Furthermore, the antenna is matched over 10 GHz at the upper band.
In conclusion, the low-profile of the designed array and the radiation performance makes it a suitable candidate for mobile terminals of the next generation of communications.
